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Abstract: The evolution of coordination between o and f phases for a two-phase titanium alloy was investigated. For
this purpose, hot compression and heat treatment under different conditions were carried out. The results show that the
ability of coordinated deformation between o and £ phases can influence uniformity of microstructure evolution.
Specifically, o phase maintains the lamellar structure and f phase has a low degree of recrystallization when the ability
of coordinated deformation is good. In this case, a and S phases still maintain the BOR (Burgers orientation
relationship), and their interface relationship is not destroyed even at large deformation. Both of the deformation extent
of a lamellae and recrystallization degree of S phase increase with the decline of ability of coordinated deformation. The
o phase only maintains the BOR with  phase on one side, while the uncoordinated rotation with the § phase on the
other side occurs within 10°. The « and f phases rotate asynchronously when ability of coordinated deformation is poor.
The degree of interface dislocation increases, and a and f phases deviate from the BOR.
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properties and engineering applications [7].
Therefore, it is very important to research the
relationship between process parameters and

1 Introduction

Titanium alloys have excellent comprehensive
properties such as high specific strength, high
temperature resistance, high corrosion resistance,
and good crack propagation resistance [1,2]. They
have been widely used in aviation, aerospace,
navigation, petrochemical, biomedical and other
fields [3—6]. Titanium alloys are the difficult-
to-deformation material, and their processing
methods are generally hot working, including
high-temperature ~deformation and subsequent
heat treatment. The microstructure of titanium
alloys will change significantly during hot
working process, and further affect the mechanical

microstructure for titanium alloys [8,9].

Generally speaking, hot working of titanium
alloy starts from single f phase field, and the initial
microstructure contains large-sized f grains and flat
o. lamellae [10]. Subsequently, high-temperature
deformation in o+f phase region is conducted to
change microstructure and improve the plasticity,
toughness, fatigue life, etc. In this process, a series
of changes of microstructural morphology will
occur [7,11]. Among them, the recrystallization of S
phase and globularization of o phase are the most
common and important [12,13].

The globularization of a phase usually occurs
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in o+f phase region. The influence factors include
strain, strain rate and temperature. Among them, the
effect of strain is the most direct. There are different
critical strain values of globularization for different
titanium alloys. For example, the critical strains of
TC11 [14], TA15 [15], and BT25 [16] alloys are
respectively 0.42—0.65, 0.34—0.59 and 0.11-0.41
when materials are deformed at 100 °C below f
transformation point of f phase. The globularization
mechanism generally includes grain boundary
splitting [17], termination migration [18], shearing
model of laths [19], Rayleigh perturbation
model [20], Oswald ripening [21,22] and so on.

Recrystallization can be segmented into
dynamic and static recrystallization [12]. The
continuous dynamic recrystallization is the most
common for titanium alloys, and it has been
confirmed in Ti—6AI1-4V [23], Ti55531 [24] and Ti-
1023 [25] alloys. In addition, BALACHANDRAN
et al [26] studied high temperature deformation
of Ti5553 alloy and found a new form of
recrystallization. The grains nucleate at the ao/f
phase boundary by means of the epitaxial growing
up, and the authors «call this epitaxial
recrystallization. In general, the influence factors of
recrystallization include the stacking fault energy
(SFE), original grain size, thermal processing
conditions and second phase particles. For titanium
alloys, various morphologies of o phase have
different effects on recrystallization. Furthermore,
o and f phases influence each other, and their
coordinated  deformation  ability  determines
the final microstructure morphology. Under the
same external force conditions, the coordinated
deformation behavior between a and £ phases is an
important reason for microstructure inhomogeneity,
which is closely related to their own crystal
orientation. The related phenomena have an
important impact on material performance.

Ti-17 titanium alloy is a near-f titanium alloy,
which has the advantages of high strength, high
service temperature and good fatigue performance.
It is an important candidate material for
manufacturing aero-engine components. However,
the heterogeneity of microstructure is a key point to
affect the forgings production. In this work, the
microstructure evolution of o and £ phases and their
coordinated evolution will be studied to solve this
technical key. The relevant studies will provide
certain guidance for the processing of Ti-17 alloy,

and it is of great significance for engineering
application of Ti-17 alloy.

2 Experimental

Ti-17 alloy is used in this work and its normal
composition is Ti—5Al1-4Cr—4Mo—2Zr—2Sn. It is a
typical near-f titanium alloy with 8% of S-stabilizer
elements. The measured f transus temperature is
895 °C by metallographic method. The initial
microstructure of as-received Ti-17 alloy is shown
in Fig. 1, and it contains fully lamellar a within £
matrix. The information of crystal orientation of
initial microstructure can be obtained in our
previous work [13]. In the initial microstructure, the
crystal orientation of a phase and parent f phase is
governed by Burgers orientation relationship (BOR):
(0001),//(110); [1 150]0[ //[111]p.

In this work, the isothermal deformation and
heat treatment experiments are carried out to
investigate the evolution of microstructure and
crystal orientation. The samples are cylinder billets
with 75 mm in diameter and 90 mm in height, and
they are compressed to height reductions of 20%,
40%, 60% and 80% at 820 °C. Heat treatment
experiments are carried out at 820 °C, and heat
treatment time is 0.5 and 2 h, respectively. The
sampling point is shown in Fig. 2. The samples are
immediately water-quenched after hot working,
and the microstructure observation is carried
out on the axial section. The SEM (scanning
electron microscope), TEM (transmission electron
microscope) and EBSD (electron back-scattered
diffraction) technologies are used to analyze
microstructure characterization. It should be noted
that the step size of the EBSD test is set to be
0.3 pm.
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Fig. 2 Sampling point of sample

3 Results and discussion

3.1 Microstructure evolution

Figure 3 shows microstructure morphologies
under different deformations. It can be found that
the original a lamellae gradually transform
into the globularized structure with the increase
of deformation degree, which is a typical
globularization process. An o particle is considered
to be a globularized structure if it possesses an
aspect ratio of 2.5 or less. The related information
has been analyzed in detail in our previous
work [27]. The change of f phase is also
very worthy of attention in addition to the
globularization process of a phase. It can be
vaguely seen that the f matrix is divided into small
recrystallized grains by the globularized a phase.
Such phenomenon is not obvious when the
deformation is low, but it is very obvious when the
deformation is large, as shown in Fig. 3(d).
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Microstructure morphologies after the heat
treatment are shown in Fig.4. Samples are
deformed to height reductions of 20% and 60%,
and then are heated for 2 and 0.5h at 820 °C,
respectively. It can be found that globularization
and coarsening of a phase are obvious after
heat treatment. Accordingly, it seems that more
recrystallized f grains are formed, as indicated
by the arrow in Fig.4. Moreover, there is
inhomogeneity in microstructure, especially under
small deformation conditions.

3.2 Recrystallization behavior
working

Theoretically, the degree of recrystallization is
directly related to deformation, and it increases with
the increase of deformation degree. In order to
better study the evolution behavior of f phase, the
EBSD analysis is performed on samples with large
deformation (80%). A larger area and step size are
set during the experiment to make the analysis more
accurate, which makes it difficult to identify the
small a phase, as shown in Fig. 5. A completely
recrystallized S structure is observed, which
indicates that the complete recrystallization of f
matrix occurs at a large amount of deformation.
According to our previous work [13], the
globularization of a phase and recrystallization of

during hot
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Fig. 3 SEM morphologies for materials deformed to 20% (a), 40% (b), 60% (c) and 80% (d)
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Fig. 5 IPF (inverse pole figure) in different directions: (a) RD; (b) CA; (c) TD

phase influence each other. The globularization and the globularization and recrystallization will
recrystallization processes will be delayed when a proceed more easily. The coordination is better
and S phases have a better coordination. Otherwise, when plane of easy slip of f phase is parallel
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to the compression direction. However, the
recrystallization of f phase will inevitably occur
when the amount of deformation is large enough.

Figure 5 shows the IPF (inverse pole figure) of
p phase for 80% deformation at three directions.
Almost all recrystallized S grains have the same
orientation from the compression axis (CA)
direction, as shown in Fig. 5(b), the [001] direction
of f phase is parallel to the CA. However, the
crystal orientations of recrystallized f grains are
different from the RD and TD directions. As shown
in Fig. 5(a), the entire area is divided into three
parts, namely Regions I, II and III. The pole figures
of the three regions are shown in Fig. 6. It can be
seen that the textures of Regions I, II and III are
[001])//CA. All recrystallized f grains show the
same orientation in the CA direction, but different
orientations in the RD and TD directions, which is
fiber texture characteristics.

Titanium alloy has high stacking fault energy,
and the continuous dynamic recrystallization
(CDRX) is the major way to refine grain [12]. The
CDRX is a process of the continuous rotation of
sub-grains, including the formation of low and high

{110}

1

Fig. 6 PFs (pole figures) in Regions I, II and 111

angle grain boundaries and the final recrystallization.
However, the special characteristics of the
recrystallized £ grains in Region II are observed:
the serrated boundary and about twice thickness of
subgrain size. Such characteristics belong to the
geometric dynamic recrystallization (GDRX) [28].
In any case, the original f grains are severely
elongated and a complete recrystallized structure is
obtained after large deformation. Meanwhile, the
recrystallized grains belonging to the same original
f grain still have similar crystal orientation,
showing obvious fiber texture characteristics.

The f phase can be completely recrystallized
only under the condition of large deformation.
Deformation is also an energy storage process. The
stored distortion energy will promote S phase to
undergo static recrystallization during the heat
treatment when the amount of deformation is not
enough to cause the occurrence of dynamic
recrystallization of f phase. The EBSD results for
material deformed to height reduction of 20%
and holding for 2 h can be found in Ref. [13]. As
shown in Fig. 7 [13], the recrystallization degree of
[ phase is low and there is obvious inhomogeneity.
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Fig. 7 PFs for material deformed to 20% and then heat treatment for 2 h [13]: (a) Region H; (b) Region L

Such phenomenon is related to the coordinated
deformation ability between a and S phases. The
globularization of a phase and recrystallization of f
phase promote each other, and the globularized a
phase has a partitioning effect on £ phase, which is
helpful for the occurrence of recrystallization.

The pole figures of the two regions (Regions H
and L) are shown in Fig. 7 [13]. The orientations of
[ grains are more scattered in the region with high
degree of recrystallization. The f recrystallization
progresses slowly due to insufficient deformation.
In this case, the assistance of the second phase
particles is necessary to increase the degree of
recrystallization.

Figure 8 shows the EBSD results for material
deformed to height reduction of 60% and holding
for 0.5 h. The degree of globularization of a phase
is very high, most a phase has been transformed
into the globularized structure. In this case, the
complete recrystallization of S phase has also
occurred, which is the result of the combined action
of dynamic and static processes. There are
structural differences in Regions I and II in
Fig. 8(b). The S phase in Region I is mainly
composed of low angle boundaries, while the large
angle boundaries increase significantly in Region II
(2°-15° is defined as low angle boundaries,

represented by thin black lines and greater than 15°
is defined as large angle boundaries, represented by
thick black lines). From the pole figures (Figs. 8(c)
and (d)), the two regions basically maintain the
BOR. This indicates that the BOR is difficult to be
completely destroyed even if large plastic
deformation occurs. However, it is found that « and
J phases in Region I have more orientations, which
appear to be more scattered on the pole figure, on
the contrary, and a and f phases in Region I are
more concentrated. The sizes of a phases are
different by comparing Region I with Region II.

In this work, the coarser o phase has a more
obvious promotion effect on the recrystallization of
f phase, and the fine a phase cannot effectively
divide the original § grains, making it impossible to
become an effective site for the recrystallization of
S phase. As mentioned earlier, the recrystallization
of S phase requires not only external factors such as
deformation and temperature, but also the assistance
of the second phase particles. Under a large amount
of deformation, the globularization of a phase and
recrystallization of £ phase proceed simultaneously.
The initial £ grains are effectively fragmented by a
phase, and the recrystallization of f phase takes a
phase as the grain boundary. In this process, a phase
is also globularized, as shown in Fig. 9.



3434 Jian-wei XU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3428—3438

Fig. 8 EBSD analysis for material deformed to 60% and then heat-treated for 0.5 h: (a) IPF of a phase; (b) IPF of

J phase; (c) PF of Region I; (d) PF of Region II

S
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Fig. 9 Schematic diagram of globularization and
recrystallization

3.3 Interaction effect of « and f# phases

A more detailed analysis is performed on the
typical microstructure, as shown in Fig. 10. In this
part, a particles are divided into the three types
according to morphology and crystal orientation.
Firstly, o phase maintains the lamellar structure, and
meanwhile surrounding S phases have the same or
similar crystal orientations, labeled as Regions I,
Il and III. Secondly, the surface of a phase has
the deeper grooves, but still present the same
orientation. At this time, the crystal orientations
of surrounding S phases are different, labeled as
Regions IV and V. Thirdly, the globularized o phase

Fig. 10 EBSD analysis of crystal orientation for material
deformed to 60% and then heat-treated for 0.5 h

presents different crystal orientations, meanwhile
the crystal orientations of surrounding f phases
are also different, labeled as Regions VI, VII, and
VIIL

The pole figures of Regions I, II and III in
Fig. 10 and their schematic diagrams for the first
type are shown in Fig. 11. The pole figures show
that a phase and surrounding f phases basically
maintain the BOR after hot working. Although the
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Fig. 11 PFs of Regions I, I, and III in Fig. 10 and schematic of crystal orientation

initial lamellar « is slightly disturbed and bent, it
still maintains the lamellar structure in general.
Moreover, its crystal orientation maintains
the BOR relationship with surrounding S phases,
which shows that o and f phases rotate almost
simultaneously during deformation process. In this
case, the semi-coherent interface between them also
rotates at the same time, and it is not broken. Large
deformation does not break the BOR between a and
S phases, and there is a good ability of coordinated
deformation between the two phases. It is
speculated that the three conditions must be met to
cause this phenomenon: on the one hand, the crystal
orientations of a and S phases are in a favorable
position for deformation relative to deformation
direction, and it is not easy to occur for dislocation
plugging. On the other hand, o and /S phases
maintain the BOR, and dislocations can easily pass
through the phase interface. Finally, deformation of
the two phases is relatively uniform, without
extreme conditions such as adiabatic shear bands.
Under such conditions, the degrees of a
globularization and f recrystallization are relatively
low.

Figure 12 shows the pole figures of Regions
IV, and V in Fig. 10 and schematic of crystal
orientation for the second type. This type of a phase
only maintains the BOR with f phase on one side.
The BOR is not strictly corresponding, and deviates
by a certain angle within 10°. Such behavior is
caused by the weakening of ability of coordinated
deformation between a and f phases. The o phase
only maintains a good ability of coordinated
deformation with f phase on one side, the two
phases rotate synchronously during deformation,
so that the BOR is basically not destroyed. On
the other side, the relationship between o and f
phases cannot be effectively coordinated. The
corresponding relationship between a and S phases
deviates in order to adapt to the external force
during deformation, which ultimately leads to
changes in the microstructure morphology and
crystal orientation.

Figure 13 shows the pole figures and the
schematic of crystal orientation of the third type.
The a and f phases deviate from the BOR, and the
deviation angles are 15°-20°. The a phase and
surrounding f phase cannot effectively coordinate
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the deformation during hot working. In this case, f
phase is deformed preferentially, and the crystal
structure rotates accordingly. But a phase does not
rotate synchronously at this time. It is in the
unfavorable position of slip system and becomes a
hard particle, and then, a high-energy interface is
formed between o and f phases. Energy is stored in
the phase boundary and within the two phases in the
form of distortion energy. It will cause changes in
the structure and crystal orientation when the
distortion energy reaches a certain level. As
observed earlier, the globularization of a phase
and the recrystallization of f phase occur.
Compared to other cases, both globularization and
recrystallization degree are higher.

The evolution of coordination is more likely to
occur when the crystal orientations of f phases
around a phase are consistent or similar, which
leads to the lower degrees of globularization and
recrystallization. The o phase only maintains the
BOR with one of S grains when the crystal
orientations of f phases around o phase are
different. At this time, a phase is easier to
globularize during the deformation, and the
globularization of o phase will in turn promote the
recrystallization of f phase. Therefore, a series of
measures in single f phase region are advised to
adopt in order to refine f grain and increase the
dispersity of crystal orientation of f phase. The
measures include larger deformation, more forge
fire, shorter holding time (ensure through heating)
and so on. Such measures will help to increase the
globularization friction of o phase.

4 Conclusions

(1) The globularization of a phase and
recrystallization of f phase in Ti-17 alloy influence
each other, and the two processes will be delayed
when a and g phases have a better coordination.
The inhomogeneity of microstructure is related to
the coordinated deformation ability between a and S
phases.

(2) The CDRX is main mechanism for S
recrystallization. The recrystallization of f phase

requires not just external factors such as
deformation and temperature, but the assistance of
o phase.

(3) Through the EBSD analysis, the orientation
relationship between a and f phases has an

important influence on the coordinated behavior.
Three types of correspondence have been found and
analyzed.
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